Rationale: Myofibroblasts typically appear in the myocardium after insults to the heart like mechanical overload and infarction. Apart from contributing to fibrotic remodeling, myofibroblasts induce arrhythmogenic slow conduction and ectopic activity in cardiomyocytes after establishment of heterocellular electrotonic coupling in vitro. So far, it is not known whether ␣-smooth muscle actin (␣-SMA) containing stress fibers, the cytoskeletal components that set myofibroblasts apart from resident fibroblasts, are essential for myofibroblasts to develop arrhythmogenic interactions with cardiomyocytes.
F ibrotic remodeling of the working myocardium is a common consequence of various insults to the heart like pressure/volume overload, infarction, genetic predisposition, and old age. 1 Apart from compromising mechanical function, fibrotic remodeling is a major cause of cardiac arrhythmias. Arrhythmogenesis in fibrotically remodeled hearts is thought to be due to the disruption of the normally dense and orderly three-dimensional cytoarchitecture of parenchymal cells by excessive amounts of extracellular matrix (ECM) produced by stromal cells. The resulting disorganization of the electrically excitable substrate causes slow conduction (discontinuous and/or "zigzag" conduction) and conduction blocks that contribute to the precipitation of arrhythmias. 2, 3 Stromal cells responsi-ble for fibrotic remodeling include so-called myofibroblasts (MFBs), which contribute to fibrosis by hypersecretion of ECM proteins. 4 MFBs, which are not normally present in healthy myocardia, typically appear in the context of the pathologies mentioned and tend to locally persist for extended periods of time.
Apart from contributing to fibrotic remodeling, MFBs recently came into focus as a cell type that might directly contribute to arrhythmogenesis based on adverse electrotonic interaction with cardiomyocytes (CMCs). MFBs were shown in vitro to establish heterocellular gap junctional coupling with CMCs based on connexin 45 and connexin 43 expression. 5 Because MFBs have a reduced membrane potential as compared to CMCs, heterocellular gap junctional coupling leads to depolarizing current flow from MFBs to CMCs that causes a reduction of the resting membrane potential of CMCs similar to the concept of "injury current flow" in the setting of an infarction. 6 This results in slow conduction because of sodium channel inactivation and induces ectopic activity based on "depolarization-induced automaticity." 5, 7 By inducing both slow conduction and ectopic activity, MFBs might contribute importantly to arrhythmogenesis in hearts undergoing fibrotic remodeling.
MFBs differ from normal resident cardiac fibroblasts by de novo expression of ␣-smooth muscle actin containing stress fibers (␣-SMA-SFs). 8 Given that fibroblasts in intact healthy hearts obviously exert no arrhythmogenic effects on neighboring CMCs, we hypothesized that disruption of ␣-SMA-SFs by appropriate pharmacological tools not only might revert the MFB phenotype towards fibroblast-like cells but that it might particularly abolish their arrhythmogenic interaction with CMCs. Stress fibers are subject to constant turnover with dynamics determined by the rate of addition of monomeric actin (G-actin) to the fast-growing (barbed) end and the dissociation of actin at the opposite (pointed) end of filamentous actin (F-actin). This process, referred to as "treadmilling," can be modulated by a number of actin-targeting compounds. Among these, Latrunculin B (LatB) blocks formation of actin fibers by sequestering G-actin, whereas Cytochalasin D (CytoD) interacts with the barbed ends of actin filaments ("capping"), thereby inhibiting G-actin binding. 9, 10 By contrast, Jasplakinolide (Jasp) stabilizes F-actin and facilitates actin polymerization. 11, 12 Using these three agents in models of fibrotic cardiac tissue consisting of CMCs coated with MFBs, we found that interference with stress fiber turnover reduced MFB-induced ectopic activity and increased conduction velocities () to values indistinguishable from CMC-only preparations. The findings suggest that ␣-SMAdecorated stress fibers not only identify fibroblastic cells as MFBs but that this cytoskeletal component is a potentially important determinant of MFB arrhythmogeneicity.
Methods
A detailed description of the methodologies used in this study is provided in the Online Supplement (available at http://circres.ahajournals.org).
Cell Culture
Patterned growth primary cultures of neonatal rat ventricular CMCs were obtained using previously published procedures. 13 In short, small tissue pieces from neonatal rat ventricles were subjected to trypsin dissociation. The resulting cell suspension was preplated for 2.2 hours in cell culture flasks to separate fast-adhering fibroblasts from slowly adhering CMCs. CMCs were seeded on photolithographically pretreated coverslips, which were patterned with collagen to result in strands (0.6ϫ10 mm) or discs (10-mm diameter) of CMC monolayers. After 24 hours in culture, a subset of preparations was coated with MFBs. Pharmacological interventions were performed 24 hours later.
Optical Measurement of Impulse Conduction
The characteristics of impulse conduction along strand preparations were assessed using multiple site optical recording of transmembrane voltage. Preparations stained with the voltage sensitive dye di-8-ANEPPS were mounted in a temperature-controlled experimental chamber that was placed on the stage of a dedicated optical recording system. 14 Recordings were obtained after prestimulating the preparations with an extracellular electrode for 10 seconds at 2 Hz for conduction to reach steady-state. Optically recorded action potential amplitudes were normalized (%APA) and maximal upstroke velocities (dV/dt max ) were calculated in relation to these values (%APA/ms). Under the assumption of an average APA of 100 mV, %APA/ms corresponds to V/s.
Videomicroscopic Long-Term Measurement of Ectopic Activity
The frequency of ectopic activity of disc-shaped preparations was assessed continuously for extended periods of time by recording spontaneous contractile activity with a novel custom-made videomicroscopy system installed in an incubator. Beat rates were determined in up to 24 preparations in parallel and stored together with phase contrast images of the recording sites for offline analysis and for the generation of time-lapse movies. After control recordings lasting for 4 hours, the culture medium was exchanged (with or without drugs) and the effects of pharmacological interventions on spontaneous activity were assessed during the next 24 hours.
Patch Clamp Recording
Resting membrane potentials and current-voltage relationships were recorded using whole-cell patch clamp recording in sparsely seeded cell cultures. Membrane potentials reported for CMC-MFB cell pairs were obtained in CMCs. Gap junctional communication was probed by dye diffusion experiments.
Immunocytochemistry
The phenotype of fibroblastic cells was routinely assessed using standard immunocytochemistry with antibodies directed against ␣-SMA and vimentin. Nuclei were counterstained with 4Ј,6diamidino-2-phenylindole (DAPI). 5 for Ͼ90% of the initially seeded cells after 24 hours in culture ( Figure 1A , control). Typically, these cells had a flattened and outspread morphology and displayed abundant stress fibers that stained intensely for ␣-SMA. When treated with drugs that interfere with actin turnover, ␣-SMA expression was reduced and targeting to stress fibers was severely compromised or completely lost. As shown in Figure 1A , exposure of MFBs for 24 hours to CytoD and LatB (100 nmol/L each) caused a reduction and redistribution of ␣-SMA from stress fibers to the tips of cellular protrusions, whereas Jasp (1 mol/L) induced the formation of condensed fragments of ␣-SMA ("aggresomes") 15 that were scattered throughout the cells. As shown in Figure 1B , actin-targeting drugs (ATDs) at these concentrations reduced the percentage of cells with an MFB phenotype by 57% (CytoD) and 90% (LatB and Jasp, respectively), thus resulting in partial reversal of the phenotype switch observed initially in cell culture. In addition to the reduction and reorganization of ␣-SMA, ATDs induced characteristic changes in MFB morphology as revealed by time-lapse microscopy (movies in Online Data Supplement). During the first hour of exposure to 100 nmol/L CytoD, MFBs tended to lose their normally flat and outspread morphology and became spherical while remaining physically anchored to the substrate by thin cytoplasmic extensions. This change was transient as cells recovered a flattened shape over the remainder of the observation period (Ϸ15 hours). At identical concentrations, LatB caused similar morphological changes. However, the onset was acute and the loss of the flat and outspread cell morphology became increasingly pronounced during the initial Ϸ7 hours of drug exposure, after which time cells regained a flat and outspread morphology. In contrast to these transient effects of CytoD and LatB on MFB morphology, Jasp caused the flat and outspread MFBs to adopt an increasingly dendritic morphology that showed no tendency for reversal in the presence of the drug.
Because the rigidity of the culture substrate is an important determinant of the transformation of fibroblasts to MFBs, 16 we investigated whether ATDs were equally effective when applied to fibroblasts cultured on top of "soft" monolayers of CMCs. Similar to glass substrates, fibroblasts adhering to CMCs underwent a rapid phenotype switch to MFBs and formed a uniform cell coat after 48 hours in culture (Figure 2 , control). Treating the preparations with CytoD or LatB (100 nmol/L each for 24 hours) caused ␣-SMA-SFs to disappear almost completely, whereas Jasp (1mol/L for 24 hours) again induced the formation of ␣-SMA aggresomes ( Figure 2 ). All three drugs reduced the number of cells displaying ␣-SMA positive stress fibers by Ͼ95%, suggesting that they were more effective in inducing a phenotype reversal in the setting of soft as opposed to rigid substrates. Irrespective of the type of treatment, the density of vimentin-positive fibroblastic cells remained largely unchanged, which indicates that the decline of cells with an MFB phenotype was not due to a drug-induced cell loss but rather reflected the presence of "back-transformation" of MFBs to fibroblasts.
Actin-Targeting Drugs Rescue MFB-Induced Slow Conduction
As shown before, MFBs cultured on top of monolayer strands of CMCs induce slow conduction based on their depolarizing effect on CMCs after establishment of heterocellular electrotonic coupling. 5 We hypothesized that MFBs might lose this arrhythmogenic effect after disruption of their structural hallmark, ie, of ␣-SMA-SFs. For this purpose, strands of CMCs coated with MFBs were subjected for 24 hours to LatB, CytoD, and Jasp, and resulting effects on and dV/dt max of propagating action potentials were assessed optically. Figure 3A shows raw data of an experiment in which conduction in an untreated MFB-CMC strand is compared to an MFB-CMC strand exposed for 24 hours to 100 nmol/L CytoD. Typically, the control strand displayed slow overall (202 mm/s) and slow dV/dt max (39.5Ϯ7.1%APA/ms). By contrast, the CytoD-treated MFB- Preparations were stained with antibodies against ␣-SMA (green) and counterstained with DAPI (blue). Control cells exhibit abundant ␣-SMA-positive stress fibers. Following incubation for 24 hours with CytoD (100 nmol/L), LatB (100 nmol/L), and Jasp (1 mol/L), ␣-SMA staining is reduced and the MFB-specific association with stress fibers is mostly lost, indicating that cells regain a fibroblast phenotype. B, Reduction of the percentage of cells displaying ␣-SMA decorated stress fibers by CytoD, LatB, and Jasp treatment (same conditions as in A). n, number of analyzed fields of view in 4 preparations from 2 cultures each; *PϽ0.05 vs control.
CMC strand exhibited a substantial increase of (370 mm/s) and dV/dt max (77.8Ϯ1.7%APA/ms). The dose-response curve for CytoD-induced restoration of and dV/dt max revealed an EC 50 of Ϸ3 nmol/L, with maximal effects reached at Ϸ100 nmol/L ( Figure 3B ). At this concentration, (379Ϯ6 mm/s; nϭ48) and dV/dt max (78Ϯ1%APA/ms; nϭ48) became virtually indistinguishable from CMC-only control strands (ϭ365Ϯ20 mm/s; dV/dt max ϭ79Ϯ2%APA/ms; nϭ72), indicating that CytoD caused complete elimination of MFB-induced slow conduction. This effect was most likely due to a specific action of CytoD on MFBs because exposure of CMC-only control strands to 100 nmol/L CytoD for 24 hours failed to induce significant changes in action potential propagation.
Similar to CytoD, LatB completely eliminated adverse effects of MFBs on impulse conduction in MFB-CMC strands ( Figure  3C ). The EC 50 of LatB for increasing and dV/dt max was Ϸ10 nmol/L, with maximal effects reached at Ϸ100 nmol/L. Normalization of conduction by LatB was due to its specific effects on MFBs because it failed to induce alterations in action potential propagation characteristics in CMC-only preparations. At dosages above the maximal effective concentration (1 and 10 mol/L), LatB caused an increasing reduction of , whereas dV/dt max was only minimally affected, suggesting that LatB possibly decreased gap junctional coupling among CMCs at these high concentrations.
In contrast to CytoD and LatB, which destabilize F-actin, Jasp is thought to stabilize F-actin. Accordingly, this com- pound was expected to have opposite or no impact on impulse conduction characteristics in MFB-coated CMC strands. Surprisingly, however, Jasp acted like CytoD and LatB and caused a restoration of impulse conduction in MFB-coated CMC strands with an EC 50 of Ϸ300 nmol/L. Maximal effects were observed at 1 mol/L, where (366Ϯ16 mm/s; nϭ48) was slightly higher and dV/dt max (70Ϯ2%APA/ms; nϭ48) was slightly lower than values recorded in the corresponding control CMC strands (ϭ328Ϯ22 mm/s; dV/ dt max ϭ76Ϯ3%APA/ms; nϭ84). At maximal effective concentrations (1 mol/L), Jasp also affected impulse propagation in CMC-only strands, where it induced a significant increase of (379Ϯ18 mm/s vs 328Ϯ22 mm/s in controls) that was accompanied by a slight increase in dV/dt max (78Ϯ2%APA/ms vs 76Ϯ3%APA/ms in controls; not significant).
Suppression of Ectopic Activity by Actin-Targeting Drugs
It was shown before that MFBs cultured at sufficient densities on top of dense monolayers of ventricular CMCs induce ectopic activity. 7 As for MFB-induced slowing of conduction, induction of ectopic activity by MFBs is based on partial depolarization of CMCs after establishment of heterocellular electrotonic coupling, which leads to precipitation of spontaneous activity because of "depolarization induced automaticity." 17 Given these mechanistic similarities, actin-targeting drugs were expected to suppress ectopic activity at concentrations similar to those found to be maximally effective in rescuing slow conduction. This hypothesis was tested with disc-shaped monolayer preparations (10-mm diameter) consisting of CMCs only and of CMCs coated with MFBs in which we recorded synchronized spontaneous contractile activity continuously for 28 hours under stable incubating conditions using a custommade videomicroscopy recording system.
With the exception of a few sporadic activations, CMConly preparations remained completely quiescent during the entire 28-hour recording period irrespective of the addition of drugs ( Figure 4A -C, left panels). By contrast, MFB-CMC preparations exhibited regular spontaneous activity during the control recording period with frequencies ranging from Ϸ50 to 80 beats per minute. After exchange of the culture medium, control MFB-CMC preparations receiving no drugs showed a transient increase of BPM to Ϸ80 -100, which displayed multiple phases: a fast initial increase in beat frequency peaking Ϸ1.5 hours after the medium exchange was followed by a slight decline and a subsequent slower increase, with maximal frequencies attained at Ϸ6 hours. Thereafter, beat frequencies declined monotonically to values comparable to those recorded before the medium exchange. This characteristic evolution of frequencies in control preparations was substantially altered by the addition of CytoD, LatB, and Jasp. All three drugs caused a reduction in beat frequencies to zero (CytoD and LatB) or close to zero (Jasp), albeit with different time courses ( Figure 4A -C, right panels). When normalized to average beats per minute values recorded before addition of the drugs, CytoD progressively reduced spontaneous activity with complete cessation occurring after 18 hours (time constant, Ϸ9.7 hours). Equimolar concentrations of LatB were more effective because the drug caused acute depression of activity (Ϫ25%) that was accentuated over time following a sigmoidal time course until complete cessation of spontaneous activity occurred after Ϸ10 hours ( Ϸ3.2 hours). In contrast to both CytoD and LatB, Jasp displayed a substantial latency in the onset of decrease of ectopic activity (Ϸ4 hours). Of note, beat frequencies during the initial 2 hours after addition of the drug were consistently higher in Jasp-treated preparations than in controls. After this phase, spontaneous activity progressively decayed with near-complete loss of activity being reached after 24 hours ( Ϸ13.7 hours).
Mechanisms of Antiarrhythmic Activity of Actin-Targeting Drugs
Given that both the extent of conduction slowing and the likelihood of occurrence of ectopic activity induced by MFBs is a function of the amount of depolarizing current flow from MFBs to CMCs, suppression of these effects by actintargeting drugs may depend on a reduction in MFB density, a loss of gap junctional coupling between MFBs and CMCs, or a change in MFB electrophysiology (or a combination of these).
To investigate whether CytoD, LatB, and Jasp caused a loss of MFBs secondary to their effects on cell morphology, counts of DAPI stained nuclei of the preparations used for the experiments depicted in Figure 3 were used as an index of cell densities present during the different interventions. Whereas DAPI staining is an indirect measure of cell number (no differentiation between mononucleated and multinucleated cells), the usefulness of the index is illustrated by the finding that the excess number of nuclei in MFB-CMC versus CMC-only preparations (ϩ46%) approximately mirrors the number of fibroblasts seeded on top of CMC monolayers to obtain MFB-CMC preparations (ϩ38% cells). As shown in Figure 5 , CytoD had no effect on nuclear counts at concentrations as high as 10 mol/L. By contrast, both LatB and Jasp led to a slight decrease of the number of nuclei at concentrations being maximally effective in suppressing arrhythmogenic slow conduction and ectopic activity (LatB 100 nmol/L: Ϫ9%; Jasp 1 mol/L: Ϫ12%; not significant). Given the only modest reductions in nuclei counts for LatB and Jasp, it is unlikely that either of these compounds led to a sufficiently large decrease in the number of MFBs to explain the observed antiarrhythmic effects.
The question of whether ATDs induced a loss of gap junctional communication between MFBs and CMCs was investigated by assessing intercellular diffusion of lucifer yellow in MFB-CMC preparations under control condi-tions ( Figure 6A ) and after exposition to CytoD (100 nmol/L; Figure 6B ), LatB (100 nmol/L; Figure 6C ), and Jasp (1 mol/L; Figure 6D ) for 24 hours. Under control conditions, intercellular diffusion was present in 91% of MFB-CMC preparations (nϭ23; Figure 6A ). Similarly, lucifer yellow diffusion was found in 80% of preparations exposed to CytoD (nϭ10) and in 82% of preparations exposed to LatB (nϭ11). In contrast, dye diffusion was completely blocked after treatment with Jasp (nϭ8). These findings suggest that disruption of heterocellular gap junctional communication is likely responsible for the antiarrhythmic activity of Jasp, whereas CytoD and LatB exerted their effects by a different mechanism.
The possibility that actin-targeting drugs reduced MFB arrhythmogeneicity by affecting membrane polarization of CMCs and/or MFBs was investigated using whole-cell patch clamp recordings in low-density cell cultures exposed to actin-targeting drugs for 24 hours. As shown in Figure 7A , exposure of CMCs to CytoD, LatB, and Jasp Ϫ73.4Ϯ9.8 mV; nՆ7 each; for an extended discussion of electrotonic CMC-MFB interactions, see Online Supplement). Given that cell pairs exposed to Jasp were not likely coupled by gap junctions any more, the value shown for this particular drug most likely reflects the membrane polarization of the patched CMCs alone. As shown by typical I-V curves obtained from single MFBs ( Figure  7B ), ATD-induced MFB hyperpolarization was based on a reduction of net inward currents at negative membrane potentials. When tested at holding potentials of Ϫ60 and Ϫ75 mV, these reductions amounted to Ϫ66/Ϫ68% for CytoD, Ϫ57/Ϫ65% for LatB, and Ϫ40/Ϫ52% for Jasp, Figure 5 . Reduction of cell number by ATDs. Strand preparations used in optical measurements of impulse propagation depicted in Figure 3 were stained with DAPI for assessing changes in the number of nuclei after exposure of the preparations to CytoD (A), LatB (B), and Jasp (C) at the concentrations indicated. Gray bars denote MFB-CMC preparations not exposed to drugs, whereas white bars (labeled CMC) indicate the number of nuclei in CMC-only strands for comparison purposes. Values are normalized to control MFB-CMC preparations (averageϮSD; nϭ5-10 for each data point). *PϽ0.05. respectively ( Figure 7C ). Determinations of membrane capacities of the cells in Figure 7C indicated that drug treatments did not significantly affect average cell sizes (control: 60.1Ϯ15.5 pF; CytoD: 57.5Ϯ21.4 pF; LatB: 50.1Ϯ27.5 pF; Jasp: 65.8Ϯ23.8 pF). In contrast to MFBs, exposing CMCs to ATDs had no effect on CMC net membrane currents recorded under identical conditions.
Discussion
The results of this study demonstrate that reverting the phenotype of cardiac MFBs to fibroblasts by pharmacological ablation of ␣-SMA-SFs abolishes their arrhythmogenic interaction with CMCs. This effect depends primarily on the hyperpolarization of cells undergoing depletion of ␣-SMA-SFs, which reveals a novel function of this cytoskeletal component in MFBs. Cardiac fibroblasts emerging from back-transformation of MFBs exert no adverse effects on CMC electrophysiology, even though remaining electrically coupled. Apart from conveying increased contractility, 18 the presence of ␣-SMA hence appears instrumental for determining MFB arrhythmogeneicity.
Pharmacological Transformation of MFBs to Fibroblasts
Under physiological conditions, connective tissue fibroblasts in organs as different as the skin, the liver, and the lungs are shielded from mechanical stress by the surrounding ECM. As a consequence, they generally lack stress fibers and display a mostly dendritic morphology. 19 These features are retained when fibroblasts are cultured at moderate densities in three-dimensional collagen matrices where they form an in vivo-like network of dendritically shaped cells that are metabolically coupled. 20 The pheno-type of fibroblasts changes drastically when cells are exposed to mechanical stress as typically present in vivo during tissue repair and in vitro when cultured on rigid substrates or on top of CMCs. 5 These conditions present fibroblasts with mechanical cues that initiate a rapid phenotype switch to MFBs that express abundant ␣-SMApositive stress fibers. 21, 22 As found in the present study, exposing MFBs to ATDs reverses the phenotype switch by reducing the abundance of ␣-SMA and its targeting to stress fibers. While the reduction of ␣-SMA-SFs was the expected result for the F-actin destabilizing drugs CytoD and LatB, Jasp exerted similar effects despite its reported function as an F-actin stabilizer. With Jasp, we observed a loss of stress fibers and the appearance of actin-aggregates that were scattered throughout the cytoplasm. This observation is consistent with earlier findings in rat embryonic fibroblasts and Vero cells, where treatment with Jasp for 24 hours caused disappearance of stress fibers and formation of actin "aggresomes." Mechanistically, this effect has been explained by a Jasp-induced increase in actin nucleation frequency that causes a critical reduction in G-actin and results in the formation of disordered polymeric actin that is stored in F-actin-enriched pathological inclusion bodies. 12, 15 Apart from reducing ␣-SMA expression and targeting to stress fibers, actin-targeting drugs caused MFBs to adopt a fibroblast-like dendritic morphology either transiently (CytoD, LatB) or permanently (Jasp) during the 24-hour exposure period. Such morphological changes are not specific for MFBs but have previously been reported for a wide range of other adherent cell types. Whereas the transient nature of the effect of LatB on cell morphology was proposed to depend on progressive serum inactivation of the drug, 23 it remains to be shown why morphological effects of CytoD were similarly transient. 
Pharmacological Interference With F-Actin Turnover Reduces MFB Arrhythmogeneicity
In the past, the direct demonstration that MFBs, but not fibroblasts, exert arrhythmogenic effects on CMCs was hampered by the fact that cardiac fibroblasts in standard primary cell culture have a pronounced tendency to undergo a phenotype switch to MFBs. 24, 25 Given the possibility to pharmacologically ablate ␣-SMA-SFs and, as a result, backtransform MFBs to fibroblasts, we investigated to which extent this intervention might affect MFB-dependent slow conduction and ectopic activity. Irrespective of the type of actin-targeting drug used, ablation of ␣-SMA-SFs consistently led to complete suppression of MFB arrhythmogeneicity. Specifically, all three drugs caused normalization of and dV/dt max in hybrid MFB-CMC preparations to values that were indistinguishable from CMC-only control strands. Restoration of impulse conduction by ATDs was dosedependent, with drugs exhibiting an EC 50 /maximal effective concentration of 3/100 nmol/L (CytoD), 10/100 nmol/L (LatB), and 300/1000 nmol/L (Jasp). The finding that none of the drugs affected impulse conduction in CMC-only prepa-rations to any major extent at maximally effective concentrations demonstrates that amelioration of conduction by actintargeting drugs was predominantly achieved though their action on MFBs. A similar scenario was observed in regard to MFB-induced ectopic activity. When used at maximally effective concentrations, all three drugs led to increasing depression and finally complete cessation of ectopic activity. As revealed by a newly developed recording device that permits combined video time-lapse recordings and long-term assessments of spontaneous contractile activity under stable incubating conditions, the time course of depression of ectopic activity showed characteristic differences for the three actin-targeting drugs used in regard to the onset of action (LatB, acute; CytoD delayed by Ϸ0.8 hours; Jasp delayed by Ϸ2 hours) and the time constant of depression of the frequency of ectopic activity (LatB, 3.2 hours; CytoD, 9.7 hours; Jasp, 13.7 hours). As demonstrated by time-lapse video recordings, acute depression of ectopic activity by LatB was paralleled by an equally acute change of MFB morphology, with cells transiently losing their outspread morphology. Whether and by which mechanisms the acute change in morphology can explain the acute change in ectopic activity remains to be shown. Overall, even though all three actintargeting drugs share a common end point in regard to suppressing MFB arrhythmogeneicity, their different modes of action are partially reflected by differences in maximally effective concentrations (Jasp Ͼ Ͼ CytoD, LatB) and the time constant of suppression of ectopic activity (Jasp Ͼ CytoD Ͼ LatB). Of note, Jasp, which might initially have stabilized F-actin, was the only drug that transiently increased ectopic activity during the first 2 hours above control levels, suggesting that stabilization of stress fibers might be proarrhythmogenic. Whether this effect was related to Jasp-induced acute changes in gap junctional coupling remains to be shown. In summary, the findings suggest that ␣-SMA-SFs are conducive for myofibroblasts arrhythmogeneicity. This conclusion is supported by a recent study in which cultured cardiac fibroblasts that did not express ␣-SMA-SFs showed only little adverse effects on the electrophysiology of cocultured cardiomyocytes. 25
Mechanisms Underlying Actin-Targeting Drug-Induced Reduction of MFB Arrhythmogeneicity
In principle, the antiarrhythmic effects of ATDs can be explained by an action on CMCs, MFBs, or a combination thereof. Regarding CMCs, the finding that actin-targeting drugs at maximally effective concentrations had little if any effect on resting membrane potentials, impulse conduction parameters, and spontaneous activity in CMC-only preparations, suggests that this cellular compartment was not involved. This leaves MFBs as cellular targets in which antiarrhythmic ATD activity can be explained by (i) a reduction of the number of MFBs, (ii) a reduction of heterocellular gap junctional coupling, and/or (iii) a hyperpolarization of MFBs. Ad (i): Even though, in principle, all three ATDs are capable of inducing apoptosis when used at sufficiently high concentrations, cell numbers as indirectly inferred from the count of DAPI-stained nuclei were not significantly altered at maximally effective concentrations. Similarly, ATD treatment for 24 hours did not substantially change the density of vimentin-positive cells in hybrid preparations. Accordingly, it seems safe to conclude that ATDs did not act via a reduction of MFB cell number. Ad (ii): As qualitatively illustrated by persistence of dye diffusion after exposure to CytoD and LatB, gap junctional coupling was not affected to any major degree by these two drugs. In contrast, Jasp caused complete disruption of MFB-CMC communication while leaving gap junctional coupling among CMCs unaffected as evidenced by a lack of depression of . The discrepancy between CytoD/LatB and Jasp may be explained by the Jasp-specific induction of a highly dendritic cell type that possibly disrupted gap junctional communication with CMCs. Ad (iii): In contrast to their lack of effect on CMC resting membrane potentials, ATDs induced a significant hyperpolarization of MFBs from ϷϪ25 mV to ϷϪ40 mV that was accompanied by a substantial reduction of net inward currents at negative potentials, with Jasp being slightly less effective than CytoD/LatB (range, Ϫ41% to Ϫ66%). In principle, these findings can be ex-plained by a reduction of depolarizing inward currents or an increase in hyperpolarizing outward currents secondary to the disruption of the cytoskeleton by actin-targeting drugs (or a combination of these). Among the different cytoskeletal components, actin filaments seem particularly important in this context because their breakdown has been shown to affect ion channels and exchangers in a way that could explain observed effects: BK Ca (upregulation); 26, 27 L-type Ca 2ϩ channels (downregulation); 28, 29 Na ϩ /Ca ϩ exchanger (upregulation of reverse-mode activity); 29, 30 and TRP channels (complex effects including downregulation). 31, 32 In an attempt to understand which ion channels, exchangers, and pumps might be involved in the effects of ␣-SMA-SF disruption on myofibroblast electrophysiology under our experimental conditions, we performed a RT-qPCR study in which we screened expression of 70 genes in myofibroblasts under control conditions and after incubation with 1 mol/L CytoD (for data and discussion, see Online Supplement). With the exception of a single gene coding for K2P3.1 that was significantly upregulated, the gene expression profile showed no consistent changes between control and treated preparations that would have permitted unequivocal identification of specific channels, exchangers, or pumps as being responsible for the hyperpolarizing effect of CytoD on myofibroblast electrophysiology. Similar to the RT-qPCR results, Western blots of a selection of channels (TRPC3, TRPM4, TRPV2, TRPV4, Kv2.1, Kir2.1, and Kir2.3; for data and discussion, see Online Supplement) suggested that expression of these channel proteins was not significantly altered by treating myofibroblasts with CytoD. As an exception, CytoD treatment resulted in a decrease of the complex glycosylated form of TRPC3, which was reported before to affect channel activity and channel targeting. [33] [34] [35] Even though the combination of an increase in K2P3.1 currents and a decrease of TRPC3-mediated currents may contribute to myofibroblast hyperpolarization after CytoD treatment, understanding in full which ion channels and exchangers are ultimately responsible for ATD-induced MFB hyperpolarization requires future experiments that, given that ␣-SMA conveys increased contractility to MFBs, will also have to take into account the possible involvement of mechanosensitive channels. In this context, a further mechanism possibly contributing to the effects of actin-targeting drugs on impulse conduction and ectopic activity may involve a reduction of mechanical stress exerted by myofibroblasts on cardiomyocytes after loss of their ␣-SMA-SFs. Reducing contractile forces of myofibroblasts was recently shown to restore impulse conduction velocities in cardiomyocyte-myofibroblast preparations in a Cx43-independent manner, suggesting that myofibroblasts may cause slow conduction by activating mechanosensitive channels in cardiomyocytes. 36 Future studies will have to show whether and to what extent this mechanism might contribute to ATD-induced restoration of impulse conduction and suppression of ectopic activity. Finally, given that previous studies showed paracrine interactions between CMCs and fibroblastic cells with adverse consequences for CMC electrophysiology, it furthermore may be warranted to investigate whether ATDs might possibly also interfere with these signaling pathways. 37 
